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SUMMARY PAGE

THE PROBLEM

More than a decade ago, Carpenter and Livstone conducted the first experiments
that demonstrated microwave-induced effects in Tenebrio molitor, the common
mealworm. Results of those experiments were interpreted to show a "nonthermal"
microwave effect. Even though subsequent experiments in other laboratories have
produced substantial evidence against any "nonthermal" mechanism per se, many
researchers in the area of ele--tromagnetic bioeffects still consider the "non-
thermal" effects in insects, as first published in 1971, to be valid. It was
important that additional experiments be conducted and the cumulative results be
rigorously analyzed to resolve this issue. The existence of a nonthermal bio-
logical effect would be of significant value to the theoretical study of microwave
interaction mechanisms and would probably have an impact on the process of setting
microwave exposure standards.

FINDINGS

Statistical analysis of the insect irradiation data shows nc microwave-
induced effects for exposures of up to 4 hours at dose rates of 63 watts/kilogram.
Micrcowave irradiation, however, at higher intensities (102-126 W/kg) did produce
statistically significant effects when applied over a 2-4 hour period. These
results are compatible with known microwave interaction mechanisms.

RECOMMENDATI ONS

As outlined in this report, experiments in the area of microwave-induced
developmental effects in insecis have used acute irradiation parameters where the
microwave insult is produced over a period of several hours. So far only a
thermal effect has been reliably demonstrated. To more fully explore this area,
long-term microwave exposure at subthermal levels is needed. The microwave
energy could be applied at a dose rate of approximately one W/kg over the entire
8-day pupation period. The results of such experiments would be significant
because the entire period of pupation would be irradiated and no strictly thermal
effect would occur.
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INTRODUCTION AND BACKGROUND

Initial experiments in this area were conducted more than a decade ago at
Tufts University (2). Those experiments subjected the insect pupae to 10-GHZ
irradiation inside a standard WR-90 waveguide transmission system. It was found
that 120-min irradiations at a power level of 20 mW and above caused a significant
level of defects to be observed in the adult beetles when they emerged approximately
12 days later. The defects occurred mostly in the abdominal region of the insects
and were manifested as shriveled abdomen, wings, or elytra or perforations in the
elytra. Deaths of the exposed pupae were also observed. In the initial study, it
was estimated that microwave irradiation produced a 3 0C temperature rise in the
pupae; so, a thermal control was devised to subject pupae to an infra-red heat
soerce to produce an overall temperature rise commensurate with the results of
microwave exposure. The thermal controls exhibited no devei.,pmental effects;
therefore, Carpenter and Livstone (2) concluded that the observed microwave-
induced anomalies were nonthermal effects.

Later, at Washington University in the laboratory of F. J. Rosenbaum, more
experiments were conducted (8) using a system similar to Carpenter's. Closed-
system radiometric measurements in those 9.0 GHz experiments showed that the pupae
a).sorbed about one-third of the total forward waveguide power, resulting in a
sPecific absorption rate (SAR) of 41 9/kg at a power levil of 20 mW. Although the
(ontrol population showed a 36 percent defect rate in Lindauer's experiments
compared to a 10 percent value in Carpenter's study, statistically significant
microwave effects were observed at the .-ower level used by Carpenter. Also in
those experiments, pulsed microwave energy at an average value of 20 mW appeared
to produce the same effects as continuous-wave (CW) irradiation.

A year later Liu, Rosenbaum, and Pickard published a report showing a constant-
dosage effect in the irradiated pupae (9). A product of waveguide power times
duration of Irradiation of 4 mW-h produced an equivalent total number of develop-
mental anomalies over the range of 0.25 h (at 16 mW) to 8 h (at 0.5 mW). Duration
of pupal state was shown to be longer for irradiated insects in agreement with
Carpenter and Livstone's earlier observations. It wst further reported that
significant increases in teratogenesis were observed &a- waveguida power levels
down to 200 IjW for 2-h exposures. Implicit in these results was the possibility
that microwave irradiation wa. a cumulative teratogen with a low intensity thresh-
old.

in 1975 a research project was initiated at the Naval Aerospace Medical
Research Laboratory (NAMBL) to rtudy bioeffects of the isolated individual micro-
wave fields (electric and magnetic), using small insects as subjects in a standing
wave irradiation system (11). A frequency of 4.O GHz was originally selected
because the electric-to- magnetic field spacing would be about L cm for the
reflected free-space plane-waif and because a power level of between 100 and 200
watts was available at 4.0 Ci.z. Since the earlier wavegmide experiments were
conducted with a nominal 415 volts per meter electric field intensity, the 200
watts of power at 4.0 GHz were deemed to be sufficient tc produce any desired
level of effects.

A culture of Tenebrio molitor larvae was procured and nurtu.ed into a rel-
atively large culture consisting of approximately one thousand larrae at any given
time. The insects were nourished with a high-prolein dairy meal and sliced raw
potatoes. Early in the development of the insect culture, it was observed that
newly emergent, dorma.t pupae were quickly attacked by the hungry (and mobile)
larvae. The larvae tended to eat the tender legs and wing buds of the helpless
pupae such that a significant fraction of them would be damaged if left in the
main cult".re more than a few hours afttr pupation. The traumatized portions of
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the unfortunate pupae would turn black in time and would typically result in
defective adult insects.

The selection protocol for pupae to be used in experiments was to gather
freshly emergent specimens each morning and inspect them under 10-power magnifica-
tion. Those pupae without visible defect were then used in experiments on the
following day. After use in an irradiation or a control experiment, the insects
were carefully placed in small ventilated serum vials for the balance of the
pupal period. Several days after the imago had evolved, the insects were examined
for morphological defects.

It is believed that the careful handling and close inspection of kupae in
the NAMRL experiments constituted a significant development, for -he percent
defective controls was very low (1 percent) in contrast to the greater than 30
percent damaged control group presented in the Washington University data (8).

Results of the initial 4-GHz insect irradiations at NAM.L showed very few
defects even though the E-plane insects were subjected to a SAR of 29.1 W/kg for
as long as 6 hours (11). The irradiations were continued, using a frequency of
5.95 GHz at which 1000 witts of power were available. The initial 5.95-GHz
experiments produced many developmental defects but only for very high, thermal
dose rates. Few defects were seen for SAR's less than 53 W/kg; therefore, it was
concluded that only thermal effects existed for the standing wave irradiation
system at 5.95 GHz.

Presentation of the initial NAMRL results at the Annual USNC/URSI Meeting in
October, 1976, in Amherst, MA, aroused interest in the Washington University
workers in this area. Within a year, W. F. Pickard visited NAMRL and cinducted
irrad.iations of Tenebrio pupae; he used several protocols in an effort to resolve
whether or not truly nonthermal effects existed (14). In separate experiments,
Pickard used insects from the NAMRL culture and insects obtained and handled as
those used in previous Washington University experiments. Pickard found that the
NAMRL insects exhibited far fewer irradiation-induced defects than the other
group which was nourished only with Kellogg's Special "K" and potatoes and was
sifted daily to separate the new pupae. Pickard found, moreover, that the
smooth plastic cups used in Rosenbaum's laboratory that held each pupa during the
transition to adulthood were a source of developmental anomalies. In such cups,
the newly formed adults could not right themselves, and they would often become
"stuck" to the bottom of the cup during metamorphosis.

During this time, Liu theoretically model,!d X-band absorption in a waveguide-
mounted Tenebrio pupa (10), and Green initiated further insect irradiation
experiments at Washington University to study other factors that might cause
develonmental anomalies in insects (4). Liu's theoretical analysis used a homoge-
necus pupa model and showeu that maximum microwave absorption should occur at the
surface facing the incident irradiation for longitudinally oriented (K-polarized)
purae. Green's experiments used two types of pupal subjects: those without
visible blemish (ideal) aard those with a nominal amount of visible damage (non-
ideal). It was seen in Green's data that the "nonideal" insects seemed to be
much more susceptible to microwave--induced effects than "Ideal" pupae. The
"nonideal" pupae, moreover, accounted for 60 percent of a typical experimental
population, and use of such imperfect subjects produced a relatively large
(approximately 30 percent) fraction of dead insects in the controls.

Green's experiments continued to study the effects of relative humidity and
very high microwave power levels on the Tenebrio pupa (5). It was shown in that
report from Rosenbaum's laboratory on this topic that statistically significant
microwave-induced effects were seen only at relative humidities of 35 percent or

less. The initially observed "nonthermal" microwave effect described by Lindauer
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et al. (8) was thus modified to a "nonthermal-nonidea.-low humidity" microwave
effect as described by Green et al. (5).

The fact that the presence of cther environmtntal factors had A'o be included
in order to show significant mi..rowave effects greatly weakened Green's argument
for a nonthermal mechanism. In the case of "nonideal" subjects, the microwave
heating could accelerate the damage already initiated in the pupae, and in low
relative humidities, microwave heating could remove needed moisture from the
pupae and make them more vulnerable to disease or death.

At N•AMRL, +he final experiments in this area involved three questions: 1)
Could the curnalative nature of the microwave insult be verified using our methods?
2) What was the microwave absorption distribution in waveguide-mounted pupae?
3) What was the statistical significance of the standing wave irradiation experi-
ments involving insect pupae? To answer the first question, constant-dose
experiments, conducted at 1123 joules/gram in irradiation lasting from 1.5 to 24 h,
showed significant microwave effects (at 5.95 GHz) only for conditions where the
pupal temperature exceeded about 40 0C (13). Reciprocity, as reported by Liu et
al. (9), was definitely not observed in the results. The NAMRL insect experiments,
therefore, do not support the notion that microwave photons are a cumulative
teritogen.

To answer the second question, a thermogrEphical analysis of wavegu~de-
irradiated insects was conducted to more fully understand the dosimetry of that
configuration (12). Three waveguide systems (L-, C-, and X-band) were used in
experiments that recorded the vential surface temperature distribution fo , pupae
as they were being irradiated. At X-band, thermographic analysis of longitudinally
oriented pupae showed maximum heating to be located close to the front surface
near the head-thorax interface. The overall profile of thermographically
determined absorption was similar to the theoretical predictions of Liu et al. (10).
Also significant in the thermographical results was the finding that the ratio
of peak-to-average X-band absorption for pupae was about 2.0; therefore, an
average pupal BAR of 41 W/kg (at 20 rW) would have localized regions of twice
that value. This feature of the X-band dosimetry further weakened the argument
for ncrnthermal microwave effects in insects.

To answer the third question, experiments similar to those initially
reported (11) were continued at NAMRL in order to statistically determine the
significance of the data. This report contains a compilation of those data along
with the results of statistical analysis. It was shown that deleterious microwave
effects occurred only where significant thermal burdens were placed on the
pupae. It is concluded that those studies conducted elsewhere, exhibiting so-
dalled nonthermal microwave-induced developmental defects, were conducted in the
absence of careful culturing and handling protocols such that more than one
insult was simultaneously imposed on the subjects. After a close examination of
the data, one is hard pressed to accept anything but a thermal basis for the
reported effects.

PROCEDURE

A complete description of the apparatus and procedure has been presented in
an earlier report (21). The pupae were irradiated in the standing wave of a
microwave beam such that some of them were positioned in the plane of the maximum
electric field while otherr were positioned in the plane of the maximum magnetic
field. The standing wave was produced by reflecting a plane wave at normal
incidence from G metal plate tha±• was suspended in the far-zone of a horn-
irradiated anechoic chamber.
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Of central importance in these experiments was the protection afforded the
insect subjects at all stages. The meticulous selection process and appropriate
pupation containers have already been mentioned, but other precautions were also
taken. During irradiation, for example, the pupae were carefully placed in
ventilated gelatin capsules so that no abrasion could arise from the foamed
polystyrene holding blocks that were used to precisely position the pupae in the
respective planes. The pupae were never touched by fingers or manipulated with
pressure-type holding instruments. This care in handling and husbanding of the
subjects resulted in the lowest rate of defects in the sham-irradiated controls
of any published data in this area to date.

In catagorizing the defects, the scheme of Carpenter and Livstone (2) was
used in examining the adult beetles several days after they emerged:

D Insect died during pupation;
G1 Insect developed head and thorax of aw, adult, but

retained the abdomen of a pupa, sometimes with pupal
case attached;

G2 Adult insect had r'xmpled and grossly distorted elytra
and/or shredded wings;

G3 Adult insect was normal except for small discrete
holes in elytra;

N Adult insect was apparently normal.

Statistical analysis of the results calculated the probability of a chance
occurrence of defects for each experimental configuration. This calculation was
based on the comparison of two binominal populations for those instances in
which the expected number of defects was five or greater (1). The calculation
was based on the Fisher Test of exact probability for those instances in which
the expected number of defects was less than five (15). Comparison of two
binomial populations tested thie hypothesis that there was a difference in
proportions (normal versus non normal) between the two groups (irradiation group
versus the pooled controls). The Fisher Test of exact probability was used to
compare the proportion of defects found in the pooled sham-irradiation experiments
with the proportion of defects of certain insect exposures.

RESULTS

A summary of the sham-irradiation experiments is given in Table I. Each
of the experimental orientations and durations was duplicated in a control
experiment in which handling and other physical processes were the same as in
irradiation experiments. Table I shows a very low incidence of defects compared
to previously reported wori from other laboratories (2,8).

Table II gives the irradiation results and ctatistical ccaparisi.. to the
pooled controls for vertically oriented pupae; that is, for those experiments in
which the pupal long axis was parallel with the electric field. Very high SAE
was observed for pupae vertically located in the E-plane, and the highest per-
centage of microwave-induced pupal deaths was seen in the vertical orientation.
The statistical analyses of the data of Table II compared to the pooled controls
showed a significant microwave effect (or the relatively low probability (p-0.05)
of a chance occurrence of defects) only for those durations and irtensities that
allowed a strong thermal build-up in the pupae. I

Table III gives the results for horizontally oriented pupae. Here again,
significant effects of the irradiation are seen only for the higher intensities
and/or durations that allow the pupal temperature to exceed a threshold of
approximately 40 *C (11).
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TABLE I

Summary of Sham-iradiation Experiments

Time Conditions Seen in Adult Insects
In

Group Chamber 0 GI G2 G3 Normal Total N

Horizontal 2 hours 1 0 0 3 138 142
Orientation 4 hours 0 0 0 2 141 143

6 hours 0 0 1 1 22 24

8 hours 0 0 0 0 24 24

Vertical 15 minutes 0 0 0 0 47 47

30 minutes C 0 0 0 23 23

2 hours 0 0 0 0 24 24

4 hours 0 0 0 0 72 72

6 hours 0 0 0 0 48 48

Combined 1 0 1 7 539 547
Controls

I
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DISCUSSION

In contrast to previous reports on this topic fror other laboratories,
statistically significant raicrowave effects were observed only for irradiation
intensities and/or durations that raised the pupal temperature significantly. In
developing the statistical methods used in these analyses, the pooled population
of control subjects was used. This pooling of control insects was done in all our
previously reported experiments in this area. It serves to increase the statis-
tical power of the various tests employed in comparing the irradiation and control
data.

That environmental relative humidity played a role in observed microwave
effects is a valid proposition. This factor was only recently submitted as an
explanation of why effects were observed at certain times and not at others.
Aggravating environmental factors have long been known to shift thresholds of
microwave effects in animals (3,7). For insects, low relative humidity is a
particularly critical environmental factor (6).

The use of "nonideal" subjects as reported by Green, et al. (4,5) was unfor-
tuiate. To study properly microwave-induced effects is to study controlled
populations of exposed and nonexposed subjects. The introduction of insects known
to have suffered observable physical damage of subjective extent is seen as an
unnecessary complication of an otherwise simple comparison. It appears that
little knowledge can be gained from experiments that use "nonideal" subjects when
the definition of "nonideal" is very broad and subjective.

The original report of Carpenter and Livstone (2) in terming the observed
microwave effect as "nonthermal" was also in error to a certain extent, since a
generalized thermal change was observed in irradiated subjects. Even though
equivalent effects could not be produced by simple heating of the Dupae inside a
small oven, it was not rigorously correct to term the microwave effect "nonthermal"
because very little was known at th'it time about the localized distribution of the
absorbed energy. It was later shown that the experimental configuration used by
Carpenter and Livstone produced a highly nonuniform heating profile in the insect.
In such a configuration, an average temperature rise of 3 OC due to irradiation
would produce localized regions of twice that temperature rise.
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